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P i e r r e  Li&nard, Jacques Hay and Maurice Planchais  

ABSTRACT 

The dynamic c a l i b r a t i o n  of presyure pick-ups wi th  sensi-  
t i v i t i e s  t h a t  are too  s m a l l  t o  r e a c t  t o  an  ordinary noise  f i e l d  
can be car r ied  out  wi th  t h e  pulse  method. I n  t h e  shock-tube, 

a s t ep  of constant pressure between l o 4  and 12~10~ Pa (1.4 
and 1-70 p s i )  can be applied t o  t h e  pick-ups during a f e w  hun- 
dredths  of a second. The r a t i o  of t h e  Four ie r  transform of 
t h e  responlse given by t h e  pick-up t o  t h a t  of t h e  input  s igna l  
i s  t h e  t r a n s f e r  func t ion  of the pick-up. 

The t u b e ,  t h e  experimental method, and t h e  equipment for 
recording t h e  successive values  of t h e  response s igna l  of  t h e  
pick-up f ixed  a t  t h e  bottom of  t h e  t u b e  are described. 
recording i s  introduced d i r e c t l y ,  by perforated tape,  i n t o  
t h e  computers t h a t  g ive  t h e  frequency response of t h e  pick-up. 

This  

w 
I. Introduct ion 

i 
Pressure pick-ups designed f o r  measurements i n  t h e  range of from one 

t o  severa l  thousand pascals  (Pa), wi th  a frequency response of from a f e w  
cycles  per  second t o  severa l  t ens  of k i locyc les  per  second, have been de- 
scribed i n  a preceding a r t i c l e  (Ref. l). A n  instrument i s  only u s e f u l  i f  
it i s  ca l ibra ted .  However, d i f f i c u l t i e s  have been encountered i n  apply- 
ing  an a l t e r n a t i n g  pressure having t h e  above c h a r a c t e r i s t i c s  of amplitude 
and frequency t o  these  pick-ups. 

Whereas t h e  s t a t i c  c a l i b r a t i o n  (zero frequency) requi res  a standard 
technique which i s  appl icable  t o  pick-ups and which allows measurement of 
d.c. pressures ,  t h e  dynamic c a l i b r a t i o n  r equ i r e s  an ana lys i s  of t h e  re- 
sponse of these  pick-ups t o  a pressure pulse  or a pressure s tep,  because 
it i s  not  poss ib le  t o  permanently and economically produce high i n t e n s i t y  
s inusoida l  pressures  of known values.  On t h e  o ther  hand, it i s  poss ib le  
t o  produce wi th  a shock t u b e  a u n i t  s t e p  of pressure of calculable  he ight  
and of su f f i c i en t  dura t ion  so t h a t  t h e  low freauencies  of i t s  frequency 
spectrum are w e l l  known (Refs. 2 and 3) .  
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It i s  known t h a t  t h e  p r inc ipa l  c h a r a c t e r i s t i c  of a shock tube, 
which i s  of i n t e r e s t  t o  us ,  i s  t h a t  it produces a u n i t  s tep  pressure of 
calculable  height  with an extremely small r ise time (of t he  order  of 

see)  ( R e f .  2) .  This i s  p r a c t i c a l l y  instantaneous as compared with 
audio e f f e c t s .  A l s o ,  p a r t  of t h i s  c h a r a c t e r i s t i c  i s  t h a t  the pressure 
i s  subsequently constant f o r  a r e l a t i v e l y  shor t  t i m e  ( i n  regard t o  equip- 
ment); however, t h i s  time i s  shor te r  t h e  longer the  tube.  The pressure 
jumps t h a t  can be set up vary widely and can be high, provided t h e  tube  
i s  constructed t o  sus t a in  high pressures.  

The shock tube  mentioned here has a t o t a l  l ength  of 25 m. It i s  de- 
signed t o  produce, on the  invest igated pick-up, a pressure jump with a 

value t h a t  can be chosen between 10 4 and 12-10 5 Pa, with t h e  p o s s i b i l i t y  
of s t i l l  increasing t h i s  l i m i t .  The i n i t i a l  pressure i s  present ly  t h e  
atmospheric pressure,  b u t  i n  t he  f u t u r e  it w i l l  be possible  t o  have a 
p a r t i a l  vacuum f o r  t h e  i n i t i a l  pressure.  Under these  conditions, t h e  I 

p la teau t i m e  i s  approximately from 10 t o  80 msec. 

The invest igated pressure pick-up i s  secured t o  t h e  closed end of 
t he  tube expansion chamber, with su i t ab le  precautions being tadken t o  i so -  
la te  the w a l l  and cavi ty  vibrat ions.  
shown i n  Figure 2(a) .  
2(a) if the  pick-up were perfect ;  hovever, it appears more l i k e  t h a t  i n  
2(b), (e ) ,  o r  (a) ,  displaying i t s  own response t i m e ,  i t s  own frequencies,  
e t c .  

The pick-up receives  t h e  pressure /28 
The t ransmit ted s igna l  would be t h a t  of Figure 

The pick-up t r ans fe r  funct ion i s  t h e  complex r a t i o  of t h e  Fourier  
transforms of t he  output funct ion s ( t )  to t he  input funct ion p ( t ) .  

The u n i t  s t ep  p ( t )  i s ,  however, of l imited durat ion ( f o r  example, 60 
msec 
t e g r a l s  i s  only possible  if t h e  output func t ion  reaches a constant value 
a t  the  end of t h i s  dura t ion  (Figures 2(b) and ( e ) ) .  
2(d) cannot be immediately analyzed because t h e  complete response of t h e  
pick-up i s  not  known. 
plateau as long as possible.  

with a tube 25 m long) .  The ca lcu la t ion  of t he  corresponding in-  

The case of Figure 

It i s  therefore  necessary t o  obtain a pressure 

A study i s  under way t o  analyze the  almost s t ab i l i zed  t r a n s i e n t  re- 
sponses i n  t h e  case where t h e  average value of t h e  t r a n s i e n t  response i s  
close t o  a decreasing exponential, with t h e  amplitude of t h e  f luc tua t ion  
about t h i s  exponential  a l so  decreasing (See Sect ion V I ) .  

11. Description of t h e  Constructed Tube 

This  tube i s  made up of so lder less  segments of s t e e l  tubing having 
an in s ide  diameter of 104 wn, ending i n  soldered f langes which permit' 

. . . .  , .  I 

1 .  . :. .-... . ... 
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them t o  be assembled end t o  end i n  any sequence; t h e  whole set rests i n  
a ho r i zon ta l ly  movable pos i t ion  (Figure 1). 

Figure 1. Schematic diagram of t h e  whole apparatus 
1, Compression chamber; 5 ,  Hmer;  g 9  Pick-up under study; 
2, Expansion tube; 6, Membrane; 10, Amplifiers; 
3, Compressed air; 7, Triggering pick-up; 11, Counter; 
4, Manometer; 8, Pick-ups t o  measure 12, Oscilloscope (re- 

t h e  ve loc i ty ;  corder).  

The las t  segment of t h e  compression chamber i s  closed by a p l a t e  
wi th  a f i t t i n g  f o r  compressed air. The segment which i s  t o  rece ive  t h e  
membrane separating t h e  compression chamber from t h e  expansion tube  con- 
t a i n s  a mechanical hammer. The la t te r  i s  t r iggered  from t h e  outside s i m -  
p ly  by a wire. 
because they induce p a r a s i t i c  cur ren ts  i n  t h e  sometimes very s e n s i t i v e  
measuring devices. 

We had t o  e l imina te  electromagnetically controlled hammers 

The membrane (rhodium, aluminum or o the r  mater ia l )  i s  f i rs t  in se r t ed  
between two aluminum f l anges  having a hole t h e  s i z e  of t h e  tube. The 
f l anges  are then pressed between t h e  tube segments. 

/29 

I n  t h e  expansion tube,  one of t h e  segments supports a p i ezoe lec t r i c  
microphone (barium t i t a n a t e ,  type 20 H 42), f l u s h  with t h e  w a l l ,  and 
mounted on a f lexible  p l a s t i c  cy l inder  so as t o  i s o l a t e  t h e  mechanical 
v ib ra t ions  of t h e  w a l l .  
by t h i s  pick-up serves t o  t r i g g e r  t h e  scope. 

When t h e  shock wave passes, t h e  s igna l  generated 

The las t  segment of t h e  expansion tube  i s  3 m long and supports 2 
pick-ups, i d e n t i c a l  wi th  t h e  f i r s t  one and separated by 2 m. The 
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Figure 2, Input  superpressure and response 
a, Unit  s tep  of pressure; b, response of a pick-up which 
t ransmi ts  t he  d.c. pressure;  e, response of a pick-up 
which does not  t ransmit  t h e  very low frequencies;  d ,  un- 
known response a t  t h e  end of t h e  experiment. 

corresponding s igna ls  produced when the  shock wave passes are sent  t o  an- 
o ther  pick-up and permit t h e  speed of t h e  shock wave a t  the  end of i t s  
t r i p  t o  be measured; i . e . ,  j u s t  before it reaches t h e  invest igated pres- 
sure pick-up. 

The shock wave i s  r e f l ec t ed  by the  last  p l a t e  of t he  expansion tube, ~~ 

which has a t  i t s  center  t h e  invest igated pick-up whose ac t ive  face  m u s t  
be f l u s h  with t h e  i n t e r i o r  w a l l .  
each pick-up. It i s  poss ib le  t o  place two or more pick-ups on t h i s  p l a t e  
f o r  comparative purposes i f  the re  i s  su f f i c i en t  room. One m u s t  avoid 
placing these pick-ups too  close t o  t h e  cy l ind r i ca l  w a l l  because of poss i -  
b l e  per turbat ions.  

The arrangement mus t  be determined for 

I n  prac t ice  t h e  pick-ups should be within a c i rc le -af  
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5 em diameter around t h e  axis of t h e  tube. If t h e  pick-up i s  s e n s i t i v e  
t o  v ibra t ions ,  it must be mechanically i so l a t ed  without introducing any 
d i scon t inu i ty  i n  t h e  surface of t h e  end p l a t e .  The whole arrangement i n -  
cludes compressed a i r  tanks,  manometers f o r  measuring t h e  i n i t i a l  pres- 
sure (before s t r i k i n g  t h e  membrane), ampl i f ie rs  f o r  t h e  p i ezoe lec t r i c  
pick-ups to t r i g g e r  and measure t h e  speed, e l ec t ron ic  ga t e s  and counter, 
and a s ingly  t r iggered  d i sp lay  osc i l loscope  to be controlled by t h e  first 
pick-up mentioned previously (Figure 1). 

After having inves t iga ted  and completed t h e  attachment of t he  
pick-up t o  t h e  te rmina l  p l a t e ,  t h e  t e s t  m u s t  be prepared by se l ec t ing  
t h e  lengths  of t h e  compression and expansion tubes and t h e  pressure i n  
t h e  compression tube  t o  obta in  t h e  des i red  pressure s t ep  and plateau t i m e  
on t h e  pick-up. The nature of t h e  membrane s u i t a b l e  f o r  t h e  se lec ted  
pressure m u s t  a l s o  be chosen, and t h e  pos i t i on  of t h e  t r i g g e r i n g  pick-up 
m u s t  be se lec ted  t o  obta in  on t h e  d i sp lay  a hor izonta l  t r a c e  represent ing  
t h e  i n i t i a l  pressure,  and a s u i t a b l e  sca l ing  of t h e  response s igna l .  

The standard formulas f o r  shock tubes enable t h e  ad jus t ing  param- ; eters t o  be obtained with t a b l e s  and computational cha r t s .  

111. Effec t  Bnployed: Nomenclature 

The objec t  of t h e  shock tube  i s  t o  produce, by t h e  rupture  of  t h e  
membrane, a plane shock wave perpendicular to t h e  t u b e  ax is ,  to be f o l -  
lowed by a constant ve loc i ty  and constant pressure flow which provokes 
a t  t h e  closed bottom of t h e  tube an abrupt jump of pressure t o  a pres- 
sure constant wi th in  a small t i m e  i n t e r v a l .  

This i s  t r u e ,  provided t h e  rupture of t h e  membrane i s  sudden and i n -  
stantaneous, and provided t h e  end of t h e  tube i s  r i g i d  and has no l e a k s '  
and no cav i t i e s .  F ina l ly ,  t h e  length  of t h e  t u b e  must be s u f f i c i e n t  so 
t h a t  t h e  shock wave becomes stable. 

W e  r e c a l l  here, schematically, how t h e  t u b e  works with a T, X d i a -  /30 
gram (Figures 3 and 4). The nomenclature is: 

space or ig in :  
t i m e  o r ig in :  
L: l ength  of t h e  compression chamber 
1: length  of t h e  expansion tube 
x: absc issa  of t h e  poin t  along t h e  t u b e  

t h e  plane of t h e  membrane 
t h e  rupture of t h e  membrane 

X x = -  
L 

t ' :  time 
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T: 

a: 

7: 

P i  : 

Figure 3. Wave propagation diagram 
A, Wave f r o n t  of t h e  re- S f ,  r e f l ec t ed  shock wave; 

f l e e t e d  expansion wave; s", re f l ec t ed  shock wave; 
F, expansion pencil;  P, plane of d i scont inui ty .  
S, shock wave; 

reduced t i m e  -!. - t 

sound ve loc i ty  i n  a i r  a t  t h e  i n i t i a l  temperature 

r a t i o  of t h e  s p e c i f i c  hea t s  

pressure of t h e  gas i n  t h e  i region of t h e  space-time diagram of 
Figure 3. 

I n  t h e  X, z diagram, t h e  various waves determine seve ra l  regions 
(Figure 3) which determine t h e  running index i above. 
parameter, with r e spec t  t o  which t h e  o the r  q u a n t i t i e s  a r e  simply expressed, 
i s  t h e  absolute ve loc i ty  M, i n  mach numbers, of t h e  i n i t i a l  compression 
wave (between t h e  regions 3, 1 of Figure 3). 

The most important 

Similarly,  w e  designate t h e  i n i t i a l  pressure r a t i o  by P and t h e  
pressure jump a t  t h e  end of t h e  tube by ~ p :  

8 
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Figure 4. Graphs f o r  t h e  ca l cu la t ion  of t h e  various q u a n t i t i e s  

The ca l cu la t ions  are performed here f o r  an a i r - t o - a i r  tube having a 
constant c ross  section, so t h a t  a i s  the  same i n  t h e  regions 0 and 1, a$i 
Y = 1.4. 

The d iscont inui ty ,  2-3, of t h e  diagram of Figure 3 i s  a separation 
between t h e  masses of a i r  s i t ua t ed  i n i t i a l l y  on e i t h e r  s ide  of t h e  d i a -  
phragm. 
t h i s  wave, bu t  t h e  temperature, and consequently t h e  sound ve loc i ty ,  are 
not. 
properly speaking, a wavel, but a temperature d i scon t inu i ty  which propa- 
ga t e s  with t h e  gas molecules a t  t h e  s m e  ve loc i ty .  

The v e l o c i t i e s  and pressures are t h e  same f o r  e i t h e r  s ide  of 

This wave of d i scon t inu i ty  (as  it i s  sometimes r e fe r r ed  t o )  i s  not, 

The pressure remains constant a t  any poin t  i n  t h e  tube, between tlie 
passing of t h e  i n i t i a l  compression wave 3, 1 and t h a t  of t h e  r e f l ec t ed  
expansion wave 7, 2 (provided t h i s  point i s  s u f f i c i e n t l y  far from t h e  

. I  
l"The surface of contact" as r e fe r r ed  t o  i n  ( R e f .  3).  
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_ L .  

bottom of t h e  tube  so t h a t  it does not see t h e  r e f l e c t e d  wave 4, 3 pre- 
ceding it). 

I n  s p i t e  of having t h e  advantage of a f a i r l y  long t i m e  when t h e  
pressure i s  constant, t h i s  same pos i t i on  e n t a i l s  t h e  disadvantage of hav- 
ing  a too  high pressure r ise t i m e  because t h e  lat ter i s  equal t o  t h e  t i m e  
t h e  shock wave sweeps t h e  surface of t h e  pick-up ( f o r  example 14  psec f o r  a 
M = 1.6 wave on a pick-up of 8 mm diameter). This i s  acceptable only f o r  
a slow pick-up or f o r  a pick-up of small size.  The pressure a t  t h e  w a l l  
i s  less than a t  t h e  bottom of t h e  t u b e  (approximately ha l f  of it f o r  a 
weak shock), and t h i s  can be an advantage i n  t h e  case of a very s e n s i t i v e  
pick-up (microphone), because it i s  not easy t o  produce a very w e a k  shock 
wave since t h e  rupture of t h e  membrane i s  not rapid enough and the  pres- 
sure po i s  too  s m a l l .  

t r i e d  so t h a t  they  do not produce po l lu t ion  and noise. 

Other means of rupturing the  membrane should be 

For various reasons, e spec ia l ly  f o r  ease of construction, t h e  shock 
' 

tube mentioned here w a s  selected t o  be cy l ind r i ca l ,  with t h e  inves t iga ted  
pick-up located a t  t h e  bottom of t h e  tube. This tube  w a s  designed f o r  
t h e  c a l i b r a t i o n  of pick-ups of medium s e n s i t i v i t y  (microphones f o r  in -  
tense  noises ) .  

For every c a l i b r a t i o n  experiment, w e  m u s t  f i rs t  determine the  pres- 
sure jump a p  which w i l l  be applied t o  t h e  pick-up, t o  wi th in  a c e r t a i n  
accuracy. 

Cer ta in  formulas (which w i l l  be reviewed l a t e r )  and c e r t a i n  graphs /31. 
(such as the  one shown i n  Figure 4) permit u s  t o  ca l cu la t e  Ap and t h e  
t i m e  At during which t h e  pressure i s  constant (p la teau) ,  so t h a t  t h e  
scope can be adjusted.  

The measurement of t h e  ve loc i ty  M permits u s  t o  co r rec t  t h e  value of 
Ap because t h e  ca l cu la t ion  of AP from P does not  take i n t o  account t h e  
damping which t akes  place during t h e  displacement of t h e  wave. 

I n  Figure 3 t h e  t u b e  has a length  of 2L. This f i g u r e  shows t h e  v a r i -  
ous wave r e f l e c t i o n s  and r e f r ac t ions .  This  diagram the re fo re  allows u s  

L *o determine t h e  t i m e  At4 (calculated from At4 = AT,) during which t h e  

pressure i s  constant aga ins t  t h e  bottom of t h e  tube (see Appendix I f o r  
t h e  ca l cu la t ion  of At4 .  

If t h e  t u b e  i s  s u f f i c i e n t l y  long (Figure 3),  t h e  r e f l ec t ed  expansion 
wave and t h e  d i scon t inu i ty  wave meet a t  poin t  N on t h e  diagram, with t h e  
o rd ina te s  XN, T~ indicated i n  t h e  numerical t a b l e s .  The r e f l ec t ed  . 
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expansion wave and t h e  shock waves meet a t  poin t  S (Xs, T ) which i s  
genera l ly  very d i s t a n t .  

S 

I V .  Shock Tube Equations 

The bas ic  parameter involved here i s  t h e  ve loc i ty  M ( r e l a t i v e  t o  
t h e  sound ve loc i ty)  of t h e  i n i t i a l  shock wave i n  t h e  expansion tube .  

The r i s e  pressure P as measured by an accurate  manometer, t h e  super- 
pressures  p 

of t h e  wave r e f l ec t ed  a t  t h e  bottom of t h e  t u b e ,  t h e  ve loc i ty  p of t h e  
d iscont inui ty  wave, and t h e  coordinates of t h e  poin ts  N and S of t h e  
diagram (Figure 3) a r e  a l l  obtained by standard ca lcu la t ions .  Some of 
t h e  resul ts  of  these  a r e  given on t h e  following table as examples. 

and p and the re fo re  t h e  superpressurenp,  t h e  ve loc i ty  M '  3 4 

The formulas a r e  r ead i ly  transformed i n t o  numerical t a b l e s  and i n t o  
graphs (Figure 4) t o  determine Ap and t o  construct  t h e  diagram f o r  t h e  : 
chosen case. 

This  diagram enables the  m a x i m u m  value of t h e  length % of the  ex- 

pansion tube t o  be found and t h e  maximum dura t ion  of t h e  plateau t o  be 
obtained . 

Table 1. Some equations for t h e  shock t u b e  as a funct ion of V 

Note t h a t  t h e  r a t i o  of t he  superpressure a t  t h e  bottom of  t h e  
t u b e  to t h e  t r a v e l l i n g  superpressure can be p u t  i n  theiform: 

i n  o ther  words, f o r  t h e  weak shocks a r e f l e c t i o n  on a w a l l  
doubles t h e  pressure,  which i s  a standard resul t .  

~ i..- 
I .. 

, . ~- , . . .  

' , .:. /, , . . ..̂ .. .^._ 
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I n  the  f i r s t  approximation, we neglect  t h e  change i n  pressure due 
t o  t h e  wave S" which i s  twice re f lec ted  (Figure 3). 
mum depends then  on t h e  value AT along t h e  plane between t h e  S and A 

waves. The maximum depends i n  t h i s  way upon L, and s ince  t h e  length  of 
the  tube i s  l imited t o  1-r- L = 25 m, t h e  possiblemaximumof At  does not  
correspond t o  t h e  m a x i m u m  of AT. 

The preceding maxi- 

53 

For medium shocks, t h e  v e l o c i t i e s  of t h e  S and A waves are r e l a -  

L 
a 

t i v e l y  close together ,  and AT =  AT^. 
A t  = -AT.  

i n t o  account t h e  twice r e f l ec t ed  wave, requi res  t h e  ca lcu la t ion  of i t s  
ve loc i ty  M". This ca lcu la t ion  can only be done by approximations (see 
Appendix I ) .  

The t i m e  A t  i s  then found from 

The exact determination of t h e  plateau t ime  AT^, taking 

V. Calculat ion of t h e  Transfer Function 
i 

The p r inc ip l e  involved i n  t h i s  ca lcu la t ion  was indicated a t  t h e  
beginning of t h i s  paper. 
pressure ( s t ep  of height  Ap), and d isp lay  t h e  pick-up response on t h e  
osci l loscope.  The forms obtained are ha l f  rectangular  (or t r i angu la r )  
waveforms. 
to a response s ( t )  such as i n  Figure 5(b)  or ( e ) .  

W e  begin with an input  funct ion of t h e  applied 

I n  o ther  words, a funct ion such as p ( t ) (F igu re  ?(a))  leads 

The areas  under t h e  two curves a r e  w e l l  defined and can be ca l -  
culated by t h e  t rapezoida l  r u l e .  
can be calculated f o r  any given value of w .  

Similar ly ,  t h e  products s ( t )  cos w t  

I n  prac t ice ,  t h e  ordinates  s ( t )  of t he  experimental response curve 
mus t  be read f o r  values of t as c lose  toge ther  as possible  t o  f ind  the  
frequency spectrum of t h i s  waveform a t  t h e  high frequencies.  

@ 

The osci l loscope d isp lay  of t h e  response i s  magnified, re t raced for 
a s u f f i c i e n t l y  f i n e  l i n e  to be obtained and t h e  curve thus obtained 
(Figure 6) i s  then wrapped around a drum. 
a t  each t u r n  of t h e  drum successively by t h e  a r b i t r a r y  x a x i s  and by 
t h e  curve. A photoe lec t r ic  c e l l  t ransmi ts  a s igna l  a t  these  two i n s t a n t s ,  
which cont ro ls  t h e  s t a r t i n g  and stopping of a counter. The process i s  
almost e n t i r e l y  automatic with t h e  device described i n  Section VII. The . 
numbers i n  t h e  counter a r e  stored f o r  punching a coded tape,  and t h e  
counter i s  returned to zero to receive t h e  following numbers which rep- 
resent  t h e  ord ina te  s ( t  + At) ,  e t c .  

A l i g h t  spot i s  in te r rupted  

The punched t ape  i s  then used f o r  punching cards, and a r e l a t i v e l y  
standard program determines f o r  each value of t h e  frequency given before  

- ,-I 
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Figure 5.  Input superpressures and responses. Rep- 
r e sen ta t ion  as one period of per iodic  funct ions 

t h e  real  and imaginary terms, and therefore  t h e  amplitude and the  phase! 
of t h e  t r a n s f e r  func t ion  of t h e  invest igated pressure pick-up. Figure 
7 shows an amplitude response curve obtained i n  t h i s  way. 

O f  course t h i s  ca lcu la t ion  e s s e n t i a l l y  presumes t h a t  a complete 
period of t h e  responses l i k e  those i n  Figure 5(b)  and (e) can be t raced,  
and t h a t  t he  curve of Figure 2(d)  i s  not usable as such. The advantage 
of having a pressure plateau as long as possible  i s  obvious. Lengthen- 
ing t h e  plateau t i m e A t  increases  t h e  chances of having a s t ab i l i zed  
response a t  t h e  end of t he  plateau, before a l l  t h e  r e f l ec t ed  and re- 
f r ac t ed  waves a r r i v e  t o  inext r icably  per turb t h e  input  wave funct ion.  

W e  have t r i e d  t o  use a response such as t h e  one i n  Figures 2(d)  or 
8 ( b ) ,  which s t i l l  contains s u f f i c i e n t  information t o  be reduced as much 
as possible .  
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A t  f ms 
I I 

Figure 6. Example of a pick-up response 

VI. Study of t h e  U s e  of Certain Pressure Pick-Up Responses to t he  Unit  
Step Function, f o r  t h e  Case where t h e  Pick-Up Does Not Return t o  
E q u i l i b r i u m  a t  t h e  End of t h e  Pressure Plateau 

Let  8 be t h e  t ime a t  t h e  end of t h e  pressure plateau-the pick:up 
output has s t i l l  no t  returned t o  a s t a t e  of e q u i l i b r i u m  (Figure 8).  For 
such a case, t h e  problem i s  t o  ex t r ac t  from t h e  output waveform s ( t )  a l i  
t h e  information it contains,  during the  t i m e  i n t e r v a l  when a known input  
func t ion  e ( t )  can be made t o  correspond t o  it; i n  o ther  words, between 
t h e  times 0 and 8. This information i s  u s e f u l  f o r  t h e  response of t h e  
system t o  a discontinuous address,  and the re fo re  concerns t h e  high fre- 
quency components of t h e  spectrum. 

We f i r s t  considered placing an e l e c t r i c  four-pole netWGrk a t  t h e  
output of t h e  transducer,  so t h a t  an output funct ion s ' ( t ) ,  which re -  
t u rns  t o  equilibrium a t  t i m e  t = 8 (Figure g) ,  corresponds t o  t h e  input  
func t ion  s ( t ) .  Since the  s e r i e s  transducer,  four-pole network can be 
analyzed by t h e  standard method, we know t h a t  Z ' ( w )  = Z ( w ) Q ( w )  ( i n  t h e  
i n t e r v a l  where Q(w)  f 0 ) .  Also, Z(w) w a s  deduced by f ind ing  t h e  t r a n s f e r  
func t ion  Q ( w )  of t h i s  four-pole poin t  by poin t .  We abandoned t h i s  methdd 
because t h e  determination of t h e  four-pole necess i t a t e s  knowing t h e  func- 
t i o n  Z ( w )  which w e  seek t o  def ine.  

Figure 7. Amplitude vs.  frequency response curve, 
calculated from t h e  preceding response 



Figure 8. Input func t ion  d i f f e r i n g  from t h e  s t ep  
funct ion after t h e  t i m e  6 and incomplete response 

The method we have adopted cons i s t s  of mathematically ex t rapola t ing  
t h e  funct ion s ( t )  f o r  t i m e s  g r e a t e r  than 6 .  We designate  t h e  time func- 
t i o n  defined f o r  t 5 0  by o ( t )  t o  represent  t h e  output waveform correspond- 
ing t o  a u n i t  s t ep  funct ion of infinite dura t ion  which i s  applied a t  t h e  
t ransducer  input .  

/33 
The ca lcu la t ion  of t h e  t r a n s f e r  function: 

. .m 

i s  s p l i t  i n t o  two pa r t s :  

The f i rs t  i n t e g r a l  i s  calculated from t h e  experimental func t ion  by 
a graphical  i n t eg ra t ion  method. 

The second i n t e g r a l  i s  found by ca lcu la t ion ,  depending on t h e  mathe- 
mat ical  form given o ( t ) .  I n  t h i s  way, a hand curve t r ac ing  i s  avoided. 

. .. ., . , r _  ,;* ~... 

. .  
,. .. . .. . ._ .. . . 
. .. 

4 . . . . . . . . . . 
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a c 

Figure 9.  Transducer and aux i l i a ry  four-pole 

On t h e  other  hand, t h e  l i s t  of funct ion types,  which a r e  usefu l  i n  t h e .  ' 

extrapolat ion,  i s  a l imited one, and we cannot always take  a l l  t he  
p e c u l i a r i t i e s  of t h e  experimental curve i n t o  account when i t s  mathema- 
t i c a l  extrapolat ion i s  performed. 

This  l a t t e r  disadvantage i s  l a rge ly  compensated by t h e  following 
advantage (Figure 10) .  
r ' .  Since t h e  curve reading machine can only make a maximum number N 
of readings,  t h e  experimental curve i s  known i n  t h i s  way to a number of 

0 poin ts  n = N - only, whereas i n  t h e  case of a mathematical extrapolat ion,  
Q 

t he  experimental curve r i s  known to N readings.  The rapid changes of 
t h e  t ransducer  a r e  determined i n  t h i s  way with more accuracy and i t s  
behavior a t  high frequencies,  which i s  sought here, i s  a l s o  known wi th  
more accuracy. 

The curve r i s  graphica l ly  extended by a curve 

Figure 10. Extrapolat ion of t h e  unfinished response a t  time 0 



I n  the  spec ia l  case of pressure pick-ups, w e  have studied t h e  most 
standard undamped response output waveforms. these  can be of one of t h e  
fou r  types shown i n  Figures 11 and 12. 

It i s  seen t h a t  these  curves are defined by t h e  general  equation: 

where, depending on t h e  case under consideration, c e r t a i n  parameters can 
be zero. 

For each value of t h e  frequency w t h e  transform: 

a 

/ 

Experimental curve - 
b 

Figure 11. Examples of extrapolable  funct ions 
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J 

0 

Figure 12. 

i s  e a s i l y  ca lcu la ted .  
Y'(o) t o  t h e  ca lcu la t ion  

r, - 
c 

b 

-. 
t 

Examples of extrapolable  funct ions.  

program permits u s  t o  add ,,,e value t&,,,en by 
of: 

which i s  done from t h e  experimental curve. 

i s  therefore  determined i n  t h i s  way, - s(4 
E (4 

i 

The t r a n s f e r  func t ion  Z ( w )  = /34 
. -< 



The determination of t h e  l i m i t s  of v a l i d i t y  of t h i s  method, which-*' 
s e t s  t h e  devia t ion  between t h e  mathematical ex t rapola t ion  and t h e  func- 
t i o n  which would be obtained i n  t h e  case of an i n f i n i t e  s t e p  function, 
becomes r ap id ly  complicated. 

The l i m i t s  of t h i s  method are studied by e l e c t r i c a l  analogs: Com- 
p l e t e l y  known e l e c t r i c a l  four-pole networks receive a u n i t  s t e p  func t ion  
which i s  truncated t o  lead t o  conditions analogous t o  those of t h e  pres- 
sure pick-up. 

VII. Device for t h e  Automatic Reduction of t h e  Response Curves 

This  device (Figure 15) automatically reads a curve, y = f ( x ) ,  
t r aced in  rec tangular  coordinates. It y i e l d s  numerical values f o r  t h e  
o rd ina te s  and absc issas  of a c e r t a i n  number of poin ts .  

The numerical information obtained i s  t ranscr ibed  on a punched tape,  
toge ther  wi th  s igna l  codes which are necessary for t h e i r  use i n  compute?s. 

1. Pr inc ip l e  

The p r inc ip l e  involved i n  t h e  device i s  described i n  t h e  following 
paragraphs (Figure 13) .  

The sheet with t h e  curve t o  be analyzed i s  secured on a cy l inder  
which r o t a t e s  a t  a constant speed. The luminous f l u x  emitted by a source 
lamp i s  d i rec ted  and concentrated on an area of t h e  cylinder,  i n  f r o n t  
of which a photoe lec t r ic  c e l l  i s  located t o  rece ive  t h e  r e f l ec t ed  l i g h t .  
The passage of t h e  curve through t h e  i l luminated area i s  detected and 
transmitted by t h e  photoe lec t r ic  c e l l  i n  pulse form. 

For each value of t h e  absc issa ,  t h e  corresponding o rd ina te  l i m i t s  
are characterized by two pulses. 
counter Y, while t h e  second one stops f t .  The value obtained i n  t h i s  
way i s  the  numerical t r a n s l a t i o n  of t h e  ord ina te .  The decades of t h e  
time counter are, an i n s t a n t  later,  placed i n t o  correspondence wi th  a 
memory device. 

The f i r s t  pulse t r i g g e r s  t h e  t i m e  

The absc issa  i s  iden t i f i ed  wi th  a counter whose ind ica t ion  increases  
by one u n i t  f o r  each t u r n  of t h e  supporting cylinder.  
t h e  explora t ion  cycle i s  defined by a r o t a t i n g  d i s t r i b u t o r  which i s  
dr iven  a t  t h e  same speed as t h e  cylinder.  
between each memory and t h e  puncher, and con t ro l s  t h e  absc issa  w r i t e r  
and t h e  func t ion  s igna l s .  
t h e  supporting cy l inder )  i s  about 900 msec. 

The sequence of 

It makes contact successively /315 
The dura t ion  of an exploration (one t u r n  of 
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1, Motor; 

1911 
Figure 13-  Block diagram 

6, Counter X; 
2, Supporting drum; 7, Counter Y; 
3, Photoe lec t r ic  c e l l ;  
4, Rotating d i s t r i b u t o r  decades ; 

(20 pos i t ions) ;  9,  Coder; 
fs, Safety func t ion  control;  10, Puncher. 

8, Thyratron memory 

The choice of t h e  o r i g i n  f o r  t h e  reduction of t h e  curve i s  done by 
means of an ad jus tab le  decimal po in t .  The command f o r  t r a n s f e r r i n g  t h e  
information from t h e  counter Y t o  t h e  memory, and t h e  r e t u r n  t o  zero of 
counter Y and i t s  memories, are a l l  d i s t r i b u t e d  along one revolu t ion  and 
a re  repeated every revolution. 

The continuous t r a v e l  of t h e  reading ca r r i age  i s  controlled by a 
worm gear.  
The numerical va lue  of a 1-mm ordina te  corresponds t o  43 u n i t s  of t h e  
Y counter (1 u n i t  s 0.023 m) . 

The d i s t ance  between each poin t  on t h e  absc issa  i s  1/4 mm. 

2. Curve Charac t e r i s t i c s  

The ana lys i s  of t h e  curves (Figure 14) i s  only poss ib le  provided 
these  curves have t h e  following d e n s i t i e s  and dimensions: 

. .  

. > a  . ,~ .... ~ ..-. 

..I ...I 

. .. . ,. , '. ~, . . . . . . . . . . . . 
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a. 

b .  

Figure 14. Curve d i sp lay  before readout 
Guiding edge; 6, 

U s e f u l  m a x i m u m  dimension: 7, 
145 mm; 8 ,  
Minimum dis tance  from t h e  
lower edge t o  the  axis: 9, 
35 mm; 

Counter cut-off zone; 
Binding holes  (overlap); 

Minimum dis tance  from 
t h e  curve t o  the axis: 
5 mm; 
Maximum width: 270 mm; 
Maximum dimension: 
235 m; 
Width of t h e  t r a c e :  
1 mm f 20 percent.  

Solid- color,  m a t ,  paper. 

A s t r a i g h t  l i n e  i s  provided t o  represent  t h e  x axis ( the x , 

axis and the  curve can be traxed i n  white on black paper or vice versa)., 
The t r a c e  width must be 1 mm f 20 percent.  

e. Minimum ord ina te  i s  3 mm. 

d .  Maximum ordinate  i s  145 m. 

e. Separation of a t  least 35 mm between the x axis and t h e  lower 
paper boundary. 

f .  Maximum s i z e  of 24 x 27 em. 

g.  Normal s i z e  of 21 x 27 em. The use of smaller s izes  i s  pos- 
s i b l e .  The paper mus t  be spo t l e s s  and not  be t o r n  a t  t h e  counting area. 

Taking a dens i ty  of zero f o r  white paper, t h e  dens i ty  of black m u s t  /36 
be equal t o ,  or grea te r  than, 0.4.  The curves t o  be reduced can be 
e i t h e r  curves obtained from an osci l loscope with photographic paper, o r  

_I 
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Figure 15. Automatic curve reader  

t he  f i l m  or photograph of t h e  osci l loscope t r ace ,  or any o the r  type of 
reproduction. I n  t h e  f i rs t  two cases, it i s  possible  t o  obta in  by 
photographic treatment,  t h e  necessary d i f fe rence  i n  dens i ty  between t h e  
background and the  t r ace .  
curve which shows t h e  evolution of  t h e  recorded e f f e c t  i s  usable  only 
a f t e r  magnification. Reproduction can be  e i t h e r  by photography, or by 
transparency t r ac ing  of t h e  curve projected on a ground g la s s .  
sca le  magnification leads  t o  too th i ck  a t r a c e ,  with unclear edges which 
must be re t raced .  

For a negative f i l m  of t h e  s i z e  24 x 36, t h e  8 

A small 

V I I I .  Va l id i ty  L i m i t  of t h e  Method 

1. Frequency Band 

The p r inc ip l e  involved i n  considerat ion of t h e  s igna l  shown i n  
Figure 5 (which i s  the  obtained square wave) i s  t h a t  t h e  lowest frequency 
t h a t  can be analyzed i s  t h e  fundamental frequency of t h e  square wave; 

I i . e . ,  - where A t  i s  t h e  plateau time obtained i n  the  shock tube. A 
2 at' 

second advantage t o  having a longer plateau t i m e  i s  now apparent. With 
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.. ., 
a p la teau  t i m e  of 50 msec, t h e  ana lys i s  starts a t  t h e  frequency of 10 
cps. 
lowest frequency. 

The ex t rapola t ion  of t h e  curves according t o  Section VT lowers t h e  

The h ighes t  frequencies t h a t  can be analyzed depend on t h e  reso lv ing  
power i n  reading t h e  ord ina tes .  If  we assume t h a t  it takes  f i v e  ord ina te  
u n i t s  t o  def ine  a s inusoida l  curve, or 4 reading s teps ,  separated on t h e  
previously described equipment by 1/4 mm, then  t h e  r ec ip roca l  of t h e  t i m e  
s ca l e  i n  seconds p e r  mill imeter of t h e  paper g ives  t h e  h ighes t  frequency 
which can be analyzed without a l a r g e  e r r o r .  
paper a r e  l a i d  on 25 cm, t h i s  maximum frequency i s  500 cps. 

If t h e  50 msec of t h i s  

I n  t h i s  concrete example, w e  discover a bad appl ica t ion  of t h e  
method, which can y i e ld  information a t  much higher frequencies;  however, 
it i s  t h e  reading which a c t u a l l y  l i m i t s  t h e  frequency band a t  e i t h e r  end 
of t h e  band. 

An improvement would be t o  obta in  during t h e  t es t  wi th  t h e  shock 
tube (or two i d e n t i c a l  tests)  two recordings wi th  d i f f e r e n t  sweep speeds, 
one slow speed f o r  ana lys i s  down t o  t h e  lowest frequencies permitted by 
t h e  plateau t i m e ,  and a second high speed t o  u s e  t h e  information a t  t h e  
high frequencies.  The merger of t hese  two recordings by mechanographic 
computation after t h e i r  separate computation i s  present ly  under study. 

2: Amplitude 

The upper pressure l i m i t  i s  determined by t h e  t u b e  s t rength  and t h e  
q u a l i t y  of t h e  j o i n t s .  The present  p o s s i b i l i t i e s  are l a r g e l y  s u f f i c i e n t  
f o r  pick-ups employed i n  pressure f luc tua t ions  which come from audio 
stages,  since these  a r e  not supposed t o  measure more than 1 or 2 -  lo5 Pa,. 
A mechanical modification of t h e  t u b e  i s  under consideration t o  withstand 
pressures 10 t o  20 times as g r e a t  (for pick-ups l i k e  those i n  Ref. 4).  

The lowest pressure i s  l i m i t e d  by t h e  f a c t  t h a t  below a c e r t a i n  
value of P, t h e  membrane tears poorly; i . e . ,  P > 1.1 t o  1 . 2  wi th  a ce l lo -  
phane membrane. 

I n  place .of a shock wave i n  t h e  tube, an acous t ic  wave can t r a v e l  
down t h e  t u b e .  

The minimum pressure jump (above t h e  atmospheric pressure) i s  pres- 
e n t l y  of t h e  order of 10 4 Pa, or, i n  t h e  logarithmic scale,  174 db. Since 
t h e  most powerful sound i n s t a l l a t i o n s  can hard ly  fu rn i sh  140 db on a s m a l l  
area, t h e  separa t ion  between these  two values shows a region where t h e  
dynamic c a l i b r a t i o n  problem i s  not solved (except by arrangements of t h e  
p i s ton  phone type, a t  very low frequencies only) .  
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, I  

3. Precis ion 

The e r ro r  made i s  t h e  sum of t h e  e r r o r s  of t he  recorder,  t h e  photo- 
It i s  copy, t h e  curve reader,  and t h e  value of t h e  pressure plateau.  

d i f f i c u l t  t o  estimate t h i s  sum. 
(+ 12 percent) .  I n  t h e  succession of operations,  t h e  reproduction or t h e  
photographic magnif i c a t i o n  seems t o  introduce t h e  g rea t e s t  e r r o r s  

It seems t o  be of t h e  order of ? 1 db 

The d e f i n i t i o n  of t h e  responses as a funct ion of frequency then 
depends on t h e  number of calculated values as a funct ion of frequency. 
Theoret ical ly ,  t h e r e  i s  no l i m i t  t o  t he  number of t hese  calculat ions;  
however, i n  prac t ice ,  t he  ca lcu la t ions  made f o r  too widely separated 
frequencies can overlook c e r t a i n  resonance peaks. We m u s t  repea t  t h e  
mechanographic computation with c loser  frequency values around the  prob- 
able  value of these  resonances. 

I X .  Conclusion 

The ca l ib ra t ion  by t h e  shock-tube method covers important needs i n  ' 

The preceding discussion also t h e  f i e l d  of wide-band pres  sure pick-ups 
shows the  s t i l l  sharp l imi t a t ions  inherent i n  t h i s  method. 

The curve reader,  which considerably enhances t h e  preceding method, 
can have many more appl icat ions,  espec ia l ly  i n  t r a n s l a t i n g  graphical  
information t o  a d i g i t a l  computer. 

Manuscript received 4 March 1963 

APPEXDIX I /37 
Successive Reflect ions of t he  Shock Wave a t  t h e  Tube End 

I n  the  preceding ca lcu la t ions  (Section I V ) ,  only t h e  ve loc i ty  MI of 
t h e  wave re f lec ted  a t  the  bottom of the  tube has been taken i n t o  consider- 
a t ion,  and t h e  dura t ion  of t h e  plateau AT (Figure 3) i s  only approximately 
known, provided t h e  tube i s  long enough so t h a t  t h e  point  R '  of i n t e r sec -  
t i o n  of t h i s  r e f l ec t ed  wave with the  plane of d i scont inui ty  i s  f a i r l y  
c lose t o  point  N. 

'The value of t h e  pressure plateau Ap i s  given by ca lcu la t ion  from t h e  
speed M, which i s  r e l a t ed  t o  t h e  pressure P of t h e  compression chamber 
(equation p. 9 ) .  This  r e l a t i o n  i s  not  completely checked by experiment 
f o r  P > 10 (M > 1.6) (Ref .  3). I n  addi t ion,  because of t he  a t tenuat ion  
with t h e  dis tance,  it i s  preferab le  t o  measure M instead of ca lcu la t ing  
it from P, a t  least f o r  t he  strong shocks and t h e  g rea t  lengths  X. 



I n  f a c t  t h e  constant pressure  plateau ceases when shock wave S", 
r e f l ec t ed  on t h i s  d i scon t inu i ty  wave a second time, r e tu rns  t o  t h e  
bottom of t h e  tube (Figure 3). 
f l e c t e d  wave, and Aa4 be t h e  (reduced) t i m e  separating t h e  impacts of 

t h e  i n i t i a l  wave S and t h e  r e f l ec t ed  wave S" agains t  t h e  bottom. The 
real plateau t i m e  i s  therefore :  

Le t  M" be t h e  ve loc i ty  of t h e  twice re- 

The ca l cu la t ion  of M" w a s  made assuming a r a t i o  1 / L  such t h a t  t h e  
r e f l ec t ed  shock wave S f  meets f i r s t  t h e  d i scon t inu i ty  plane IJ- r a t h e r  
than t h e  waveAf .  A simple geometrical ca l cu la t ion  leads  t o  t h e  follow- 
ing equation, as a function of t h e  preceding ve loc i t i e s :  

u - M M' -M" 
-M' M M" 

' AT, = X 8 !- -a 

The equations which permit t h e  ca l cu la t ion  of M" have been de te r -  
' 

mined by t h e  AerodynamTcs Administration. 
out by successivC approximations. 

This  ca lcu la t ion  w a s  ca r r i ed  
A s  a func t ion  of M we f i n a l l y  obtain:  

9 bP + 59 M* - 4 3  M +- 4 7  
6 M (M + 11) 

M" 2: 

Expressing everything as a func t ion  of t h e  s ing le  parameter M, t h e  
pressure plateau A t 4  i s  given by: 

I M ' + 5  2 (M3 + 2) (M + 11) . a M (7 M Z  - 1) -k 9 Ma + 5 9 M e - 4 3  M + 47 

The ca l cu la t ion  of t h i s  expression ( the  f a c t o r  l / a  being excluded) 
w a s  l i s t e d  and p lo t t ed  (not shown here) f o r  M going from 1 t o  2. 

It then becomes poss ib le  t o  determine, f o r  each value of t h e  super- 
pressure P (Table 1 and curves of Figure b), t h e  optimum length  1 (as- 
suming 1 + L = 23 m) i n  order t o  obta in  t h e h t  maximum, while keeping a 
wave diagram geometry corresponding t o  t h e  case i n  Figure 3. 
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Table 11. Review of t he  u n i t s  of pressure 

System 

MKSA 

cgs 

M.T.S. 
(Meter, ton, 
second ) 

Eng 1 i s h  

Logarithmic 
sca l e  

References 

1. 

2. 

3.  

4. 

Name 

Pascal  

Barye 
M i  lli b a r  
Cm of water 
Pieze 

B a r  
Pounds / 
square foo t  
Pounds/ 
square inch 

Decibel 

Symbol 

Pa 

mb 

Pz 

( l b  / s q i n )  

db 

Value 

2 Newton/m 

dyne/cm2 = 0.1 Pa 
100 Pa 

g force/cm2 = 98.1 Pa 
1,000 Pa 

= 100,000 Pa 
Pa 

Pa 

2 HP Z 
0.488 g/cm = 47.89 

70.3 g/cm 2 = 6,896.4 

-6 
20 log E, Po = 20,10 Pa 

PO 
(p i s  then t h e  rms value 
of t h e  pressure f luc tua-  
t i o n )  

~~ 
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